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NOTICES
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purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incure no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furniched, or in any way supplied the said drewings, specifications,
or other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying
any rights or permission to manufacture, use, or sell any patented invention
that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Armed
Services Technical Information Agency, (ASTIA), Arlington Hall Station,
Arlington 12, Virginia.

This report has been released to the Office of Technical Services, U,S,
Department of Commerce, Washington 25, D,C,, for sale to the general public,

Copies of this report should not be returned to the Aeronautical Systems
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FOREWORD

This Final Technical Report was prepared by Gulton
Industries, Inc., Metuchen, N, J., for the Aeronautical Systems
Division, Wright-Patterson Air Force Base, Ohio, under Contract
No. AF 33 (657)-8130, Mr. J. E, Cooper and Mr, W, S, Bishop
were task engineers for the Aeronautical Systems Division, We
wish to acknowledge the helpful discussions held with them.

The studies reported ~over the complete contract
period from January 1962 to January 1963,



ABSTRACT

The variations of several electrical properties of
nickel cadmium cells with state of charge were studied to
determine the suitability of any of these for measuring state
of charge. Three methods were originally proposed: measure-
ments of ohmic resistance, microsecond transients and double
layer capacitance, During the investigations two additional
parameters were measured, a, ¢, impedance and phase shift,

Double layer capacitance and a, c, impedance and
transient behavior are not useful properties for determining
state of charge,

A phase shift system is described which when properly
calibrated predicted state of charge with an average deviation
of + 10%, Ohmic resistance measured under correct conditions
showed a closer correlation to state of charge but is difficult
to measure,

PUBLICATION REVIEW

The publication of this report does not constitute
approval by the Air Force of the findings or conclusions contained
herein., It is published for the exchange and stimulation of ideas.
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1. INTRODUCTION

The purpose of the work reported here has been to investi-
gate several proposed methods of measuring state of.charge of Ni-Cd
batteries. These investigations were to lead to a breadboard state-
of-charge indicator. This report covers the contract period from
commencement in February 1962 to January 1963, The required bread-
board design has been completed and preliminary evaluation tests show
that the device can predict the remaining capacity in batteries
that have been used recently as well as batteries that have been
stored for some time. For favorable conditions, an average error
of + 10% has been consistently obtained,

There have been several previous efforts to find a method
for measuring state of charge of Ni-Cd batteries. Recent efforts
have included studies of (i) dyes, (ii) charge and discharge charac-
teristics and (iii) impedance at audio frequencies by Fleischer, (1)
and (iv) a ver¥ extensive study of charge-discharge tests by Kordesch
and Kornfeil.(2) Fleischer concluded that none of the techniques he
studied were acceptable state-of-charge indicators. Kordesch and
Kornfeil devised a means of measuring the polarization resulting from
charge or discharge without the effect of the internal ohmic resistance
of the cell, Kordesch incorporated this technique %nto a battery
tester based on charge-discharge characteristics.(3 Prototypes of
this tester were built by the Vitro Corporation and were put through
extensive tests by Gulton Industries under contract to the Signal
Corps (Contract No. DA 36-039 SC-85066). The conclusion reached at
the end of thos?asests was that the device was not an acceptable
battery tester, To be acceptable, a device would generally have
to:

1) Have an accuracy of + 5% (although a larger error
might still prove very useful),

2) Not discharge the battery appreciably during the
measurement,

3) Give a reading independent of cell history,

4) Be operable by an unskilled person and not require
more than a few minutes for a measurement,

Since the simplest access to a cell and the only access
to a sealed cell is via the terminals, it would be most desirable to
find some electrical property of a cell, one that could be measured
at the terminals, that depends on state of charge. For this reasoa,

Manuscript released by the authors January 1963 for publication
as an ASD Technical Documentary Report,
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the approach used in this work was to study those electrical charac-
teristics of cells that were shown to vary with state of charge, Many
such properties were found, but for reasons involving their measurability,
consistency and form of variation, most of these properties were un-
suitable, Many electrical characteristics are appreciably different
for fully charged and discharged cells, but remain nearly constant as
a cell is discharged from 1007 to 207 of capacity, most of the change
occurring abruptly between 207% ¢ arge and complete discharge. Two of
the properties studied were found to vary with state of charge in such
a way that useful information could be obtained, These were the phase
shift and ohmic resistance to be discussed in Sections 6 and 7.

The work was divided, logically and chronologically, into
three general phases:

1) Observe any properties that vary with state of charge.
2) Devise equipment to measure these properties.

3) Using 2, examine the variation closely, noting in
particular,

a) How small a change in state of charge is
detectable

b) How consistent is the variation? From cell
to cell? Cycle to cycle?

Following this approach, five properties of cells were
studied carefully:

1) Phase shift of cell voltage compared to current

2) Internal resistance during a short, high current
pulse

3) Double layer capacitance

4) Height of transient following a sudden change
in current,

5) Impedance at audio frequencies

The last three were eliminated after experiments showed that these
properties did not depend of state of charge in a consistent, useful
manner, Detailed studies of the first two properties account for

the largest part of the exploratory phase of this work., The variation
of phase shift was first observed while the impedance was being
measured, Its dependence on state of charge was then established
empirically,



Although the term "state of charge" is widely used in
battery literature, the residual capacity -« the sstusl number of
ampere-hours avsilable from the battery at a particular time -« is
a more useful nuxber because it can be measured directly by simply
discharging the battery. In this report the results of measurements
and predietions of battery condition are given as residual capscity
in ampere-hours. Becauss the term occurs so frequently, the authors
have taken the liberty of using the abbreviation RC.



2, ANALYSIS OF ELECTRICAL PROPERTIES

A brief theoretical discussion of the electrical
prcperties of Ni-Cd cells is now given to show the relation of the
various properties studied. The electrical model shown in Figure 1
has a sine and transient response close to that of a cell and, there-
fore, is a good heuristic device for providing an understanding of
cell properties,

The circuit of Figure 1 can be arrived at on purely physi-
cal grounds by considering the half-cell in Figure 2, Let there be
a current flowing into the negative terminal and through the electro-
lyte to some other electrode, The current first encounters resistance
and inductance due to the terminal hardware and electrode material,
Next the current sees a rise in potential between the electrode and
the main body of the electrolyte., 1In the electrolyte, the current
encounters more resistance, There is a capacitance between the elec-
trode and the layer of charged ions in the electrolyte near the elec-
trode, This is the double layer capacitance, The dashed line parallel
to the electrode in Figure 2 indicates the effective position of the layer,
though it is really diffuse, The double layer can be considered as a
capacitance with one end connected to the electrode and the other end
somewhere in the electrolyte. Following the discussion above, the
half-cell equivalent circuit in Figure 2 (a) was drawn, In the same
manner, a mirror image circuit can be obtained for a positive elec-
trode in the same electrolyte, These will connect as in Figure 2(b).
Combining all similar series elements, e.g. adding all series resistors
to form one larger resistor, yields the circuit in Figure 2 (c). 1If
the time constants of the two RC sections are nearly the same, these
can be combined into one RC section yielding the equivalent circuit
in Figure 1, The resonant frequencies of the positive and negative
electrodes compared to an Hg/HgO reference were measured and found to
be of the same magnitude so this is a satisfactory approximation.

Certainly the above discussion is descriptive, not rigorous.
Its justification and utility lies in its ability to explain the
sinusoidal and transient properties of a cell, The element values
can be found from high and low audio frequency measurement, For a
VO4 nickel-cadmium cell, these values are, approximately,

L ~ 109y
R ~ 1073 ohms
R ~ 10°3 Ohms
C ~ 10F

E ~ 1.3V,

Using these values, the approximate resonant frequency
can be predicted,



The impedanse of the equivalent cireuit is given dby:

- #Rg
I N We e
e
c
Separating real and imaginery parts
2 2
. 2 R, + R¢ +,[ Re +U32L + L ] @
3 -
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Be ¢ 2.2
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For resonance, the imaginary part of Z is zero, so
—B%  Lm2L + L @)
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2
e - o—e ot “)
. B
1 R, 20 - L
Resonant frequency, £ = 777 ()
R, %L
‘Substituting the orders of magnitude given for the components above »
f = 1 107 - 10'6ﬁ = 50 eps (6)
T \/ 10-10

Actual: resonant frequencies for U A-H cells were measured from
60 to 150 eps. Clearly this is vithin the aecuracy of the order of
magnitude caloulation.



The transient behavior observed when a cell is short
circuited can also be predicted from this circuit, The actual cal-
culations are lengthly and not relevant in this report so the result
will be given without derivation., The current, I, when a cell is
short circuited is given by,

1 - E a-e™
RL + RC

Figure 3 is a schematic representation of the various
switch circuits used to measure cell transients, When S is open,
the oscilloscope sees the open circuit cell voltage. When S is
closed, the current I rises according to the equation above, The
voltage displayed is IR, vhete is the resistance of the switch
when it is closed, After S is closed this voltage drops to zero
then rises exponentially as I rises, The voltage does not rise
to the open circuit voltage because of the drop across R and R
and polarization., This is just the transient behavior observed in
Figure 4,

The state-of-charge dependence of the five electrical
properties mentioned in the Introduction will now be discussed in
detail,



3. DOUNLE LAXER CAPACITANCE

At any solid-liquid interface there exists a dowble
charged layer. On the solid, the electrode in our case, the charge
is gotten either by absorption or ionization. Ions of opposite
eharge are distributed near the elesctrode and are held there by
an electrostatic attraction. The layer of eharge in the solution
is not discrete, but is diffuse. By assuming that there is a
plane representing the losus of the charges in this diffuwse layer,
the double layer is seen. Sinee the electrodes with whieh we are
dealing are flat plates the sapasitance per unit area is given by:

k ‘ (8)

e

In sintered plate nickel-cedmium cells this eapacitance is very
large, in the order of 10 Fareds for a VOi cell.

The voltage across the doubles layer is given by:

V = ___@. ’ 9)
k
80 that one may vrite the well-kmown equation,
V = _6 . (10)
c

Multiplying the surface charge and the capacitance per unit area
by the total surface area snd differentiating, one obtains,

F o — 1 (11)
av/at

This equation was the basis for measurement of the double layer
capacitance in these experiments. A know discharge curreat vas
passed through the cell and the time rate of change of voltage
was measured. Because F is very large this slope is small even
for large surrents. Furthermore, the time interwal during which
the slope can be measured is fixed at about 3 milliseconds becsuse
the measurement must be made after the transient has decayed and
before polarization sets in further depressing the voltage.



The voltage desay and eurrent vere msasured simultaneously
using & Tektromix 502 dusl beam oseilloseope. A resistive load was
placed across a cell by means of a switch and the easuing cwrrent amd
voltage decay vere photographed with an oseillossope camers. To
determine I from the oscillogrem, the sero current level had to be
recorded as well as the current after the resistor vas comnected
across the cell. This was accomplished by triggering the osecilloscope
before the switch was closed. The switch shown in Figure 5 was first
used for this measurement. The small spring contact triggered the
oscilloscope before the main contacts closed. Thus, the short traee
befors the current flowed indicated the zero current level. JFor the
small slope found - about 0.3 mV/msee - the noise superimposed on the
voltage trace because of contact bounce in the switch caused a large
error. To produce & cleansr pulse and provide a more controllable
trigger pulse, an electronic switch, shown in Figure 6, wvas built.
This svwiteh used a silicon eontrolled restifier, (SCR) to turn on
the current. The oseilloscope was triggered 0.2 millisecond bLefore
the gate wvas applied to turn on the SCR. Onee the SCR is tuwrned on,
the cell diseharged until the cireuit vas opened.

Using this electronic switch, the current and voltage
displays vere completely free of noise and ripple. The photograph
in Pigure b was made with this switch. The elimination of noise in
the trace halved the errors in determining the double layer capaci-
tance. Furthermore, to take full advantage of the quality of the
oscilloscope trace, the camera was eritically focussed and the
oscillograms vere measured under magnification. Thus, double layer
capacitance measurements were made in three stages namely:

1) Mechanical knife switeh
2) Electrical switech

3) Electrieal switeh and critical camera focussing
plus measurements with magnifieation.

Each stage halved the error of the previous one. Typical data
are given in Table 1. With the best technique, the capacitance
could be measured to about 1 Farad.

RESULTS
The double layer capacitance, F, varies as showan in Figure 7.

For b AJH gells, F varied from a maximum of 23 Farads for a fully
eharged cell to 3 Farads for a discharged cell. The slope of capacitanse



vs. AC 1is not as large as this would indicate, though, beeause F for
any one cell did not vary from 3 to 23 Fareds. The sctual slope of

F vs. IC 18 about 3 P/A-H. With an estimated unsertainty of 1 Fared
in weasuring F, the RC should be determined within 1/3 A-H. However,
variations from cell to cell amd eysls to sycle were so great that
little wvas learned about RC by measuring the double layer sapacitance.
For eell No. 21 in Figure 7, for example, ¥ vas 23.5 at 5 A-E for one
cycle and 23.5 at 2.8 A-H on the next oysle. Figure 8 again shovs
the displacement of the F vs. RC curves for two cyclss.

Although the errors in measuring the double layer sapaei-
tance vere halved by each of two iwprovements in the messuring teeh-
nique, no improvement in the ability to prediet state of sharge
resulted besause of large variations among cells and cyslss. As &
result, doubls layer capacitance san not be used to indieate state
of charge.



k. TRANSIENT PEAK HEIQGHT

When a current is suddenly passed through a cell the
terminal voltage shows an initial transient which decays in a few
milliseconds. This bebavior vas predicted in Section 2 for short
circuit currents and demonstrated in Figure 4. A decrease in
transient peak height wiih decreasing RC was observed so investi-
gations vere started to see if the transient could indicate state
of charge.

JECENIQUE

The transient peak height vas measured from photographs
of oscilloscope displays of voltage and current. Figure 4 shovs
such an oscillogram. Tvwo parameters of the transient were measured.
The first vas the voltage difference between the open circuit
voltage and the minimum voltage, P) in the figure. The second was
the voltage difference between the minimum voltage and the maximum
return voltage, P2 in the figure. The electronic switch used to
produce the discharge is ahown in Figure 6. This switch does two
things:

1) Trigaers the oscilloscope just before the pulss
beginl.

2) Connects a resistor across the cell thereby drawing
current and producing the pulse.

No additional batteries vwere used to drive the curreat through the
cell so any effects observed were due to the cell itself. The switch
produced a smoothly rising current with & rise time of less than

0.1 milligeconds. The current was generally about 7 Amps, the
transient peak haight in the range of 20 millivolts.

SESULIS

Neither interpretation of the peak height of the transient
shoved a reliable dependence on state of charge. Many cells showed
& marked increase in both Pl and P2 with increasing residual capacity
vhile some showed no change, or, in a few cases an opposite change.
Data for one cell could not always be reproduced seversl cycles later.
Transient peak height P) at various values of RC are shown in Figure 9.
Figure 10 shows the variation of Py from cell to cell and from cycle
to cycle., P2 shows a more random distribution.

Since no reproducible variation of transient peak height

with state of charge vas found, this technique cannot be used in a
state of charge indicator.

10



5. IMPEDANCE AT AUDIO FREQUENCIES

The effective internal impedance of a cell, i.,e. the
change in terminal voltage due to a change in current through the
cell, can be considered as a sum of an electrical impedance and a
chemical impedance, The chemical impedance is, in turn, made up
of the concentration polarization, activatien polarization and
double layer charging. The electrical impedance is produced by the
plate materials, hardware and terminals and is expected to depend
on the state of charge since the resistivity of the active materials
in the plates is different from that of the inactive materials, In
particular, Cd is a good conductor and Cd(OH)2 is a poor one. There-
fore, measuring the ohmic-electrical-component of the internal resis-
tance could indicate the state of charge.

TECHNIQUE

Two techniques were used to measure impedance, The first,
known as the direct method, is simply the application of Ohm's Law.
The cell voltage and current are measured simultaneously; the impe-
dance is the voltage divided by the current. Much higher precision
was obtained using the second technique, a bridge. The apparatus is
shown in Figure 11, It is an a.c. version of the Kelvin Double Bridge.
Current is passed through the cell (% Amp. p-p) via one set of leads
and the voltage is sensed with a separate set of leads., The voltage
across the slide wire is balanced against the cell voltage to obtain
a null, Once the bridge is calibrated, the length of the slide wire
uses, S, varies directly with the cell impedance. Using a one meter
wire with knife contacts to adjust the length S, impedance was measured
.05 milliohms,

1+

RESULTS

Figure 12 shows that at 100 cps, a fully discharged cell
(1.0 V end point at C/2 rate) had an appreciably higher impedance
than a charged cell, However, at 1Kc and higher, there was no detect-
able difference in impedance. For this reason, bridge measurements
were made of impedance of three VO4 cells at frequencies from 50
to 500 cps for varying states of charge. These data are given in
Table 2, For V04 cells containing more than 1 AH no predictable
dependence of impedance on state of charge was found, Figure 13 is
a plot of data for the three V04 cells at 100 cps. The short hori-
zontal lines indicate the uncertainty in impedance, Note that the
random variation of impedance is well outside the range of error with
the exception of a marked rise in impedance at zer? gesidual capacity,
These results agree with those found by Fleischer. 1

11



Since impedance measurements apparently indieate only
vhether & cell has more or less than 20% capacity, impedance is
not a useful indicator of state of charge.

12



—6. PUASE SHIFT

During the investigation of the impedance of cells at
audio frequenaies, a phase shift produced by the cells was observed.
When the impedance vas measured by the direet method, the magnitude
of 2, the impedance, vas deteruined by dividing the magnitude of the
voltage by the magnitude of the current, but the voltage and curremt
wveres not in phase. Furthermore, the difference in phase was found to
vary wvith state of charge. Because observing & phase shift of sero,
i.e. resonance, was easier than actually measuring an unknown phase
angle with the equipment available, the resonant frequency vas measured
and this, too, wvas found to depend on state of charge. Let us now
carefully define these terms for this perticular applieation:

Phase 8hift - difference in phase between the sinusoidal
component of cell voltage and the sinusoidal
current through the cell. The shift is taken
as positive when the voltage leads the eurrent.

Resonant Frequency - frequency at which the phase shift is szero.
The peak in voltage or current usually asso-
ciated with resonance is not found here because
the resonance is very highly damped.

Accurate measurements of the resonant frequency vere &iffi-
cult because the Q of the cells vas very low, i.e. the phase shift
varied slovly with frequency so the exsct minimum in phase shift was
bard to find. Measuring the phase shift at a particular frequency
proved to be more accurate once the proper equipment was obtained.
Fhase shift measurements are more desirable than resonance weasurements
from the point of view of building apparatus because the phase measure-
ments are made at one frequency only. Therefore, the various oscillators,
amplifiers, filters, and other components in the apparatus have to
operate at only one frequency greatly simplifying their design.

Phase and frequency measurements, in general, have an ad-
vantage over measurements of the magnitudes of voltages or currents.
When measuring smell voltages, for example, interference and losses
due to poor contacts and long leads produce large errors. However,
vhen measuring phase or frequency, only & time must be measured so
changes in the magnitudes of the signals cause no errors.

BERSONANT FREQUENCY APPARATUS

Figure 1k shovs the apperatus used to determine the resonsnt
frequency. The voltage across the shunt is in phase with the current.
When the sins component of the cell voltage, v, is out of phase with
the current it is also out of phase with the voltage aeross the shunt,

13



V. For this situation the trace on the oscilloscope is an ellipse,

At the frequency for which the cell »roduces no phase shift, V and v
are in phase and the ellipse degenerates to a straight line, A phase
difference of about 1/2" could be detected under the best conditions.

To determine the resonant frequency, the frequency of the
oscillator was changed until the ellipse became a straight line. The
error in determining the resonant frequency was + 5 cps.

PHASE SHIFT APPARATUS

Preliminary phase measurements were made at frequencies
of 60, 400 and 1000 cps. The apparatus used for the 60 cycle measure-
ments is shown in Figure 15. The voltage across the cell is fed to
the vertical input of the oscilloscope, The voltage across the resistor
is fed through a phase shift circuit to the horizontal input, When
the oscilloscope trace is a straight line, indicating zero phase angle,
the shift produced by the phase shifter must be equal and opposite to
that produced by the cell, For 60 cycles, which is below the resonant
frequency, a monotonic variation of phase shift with state of charge
was found. ¥For 400 and 1000 cycles, both above the resonant frequency,
the variation was not monotonic,

Because the results obtained with the apparatus in Figure 15
were encouraging, a system was built to make more accurate phase shift
measurements, This consisted of a Waveforms 401C oscillator to provide
any required frequency and an Ad-Yu 405 Precision Phase Meter to measure
phase shift, Several amplifiers and small parts were also required to
provide the proper signals, After several changes in design the system
in Figure 16 was evolved, This system provided a current whose fre-
quency could be set within 1%, and measured phase shifts within 0.259,

The alternating current from the output of the audio ampli-
fier passed through the cell, The amplitude and frequency were adjusted
using the controls on the oscillator, Probes touched to the cell termi-
nals fed the cell voltage through a D,C, blocking filter to a balanced
pre-amplifier then to the phase meter, The voltage across the 4 Ohm
non-inductive resistor (capacitance can be neglected for such a low
value resistor) in series with the cell was also fed to the phase meter
as a reference since that voltage was in phase with the current through
the cell, The phase meter read the difference in phase between the cell
voltage and the current,

This phase shift was the combined shifts of the cell and
all the leads and components in the system., The shift produced by
everything except the cell was determined by substituting a 1.0
milliohm shunt for the cell and reading the phase shift. The shunt
was known to produce no measurable shift, The required phase angle
was the difference between that read with the cell and that read with
the shunt. In the later portions of the work when all the measurements
were restricted to one frequency, the RC network labelled "Phase Shifter"
in Figure 16, was added. This network introduced a phase shift equal
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but opposite to the shift of the system at 4O cycles. Therefore,
at U0 cycles, the meter read cell phase shift directly.

The details of operating the final breadboard version
of the phase shift system are given in Appendix I.

For cells of 4 and 9 A-H capacities a current of 1 A
P-pP gave a sufficient signal ( IV.p-p) at the output of the pre-
amplifier to operate the phase meter within its reted aceuracy.
Frequent adjustment of the phase meter was required vhen it was first
used but, as the device has aged, the intervals betveen re-adjustments
have extended to about a week. The adjustment takes about 20 minutes.
The Ad-Yu Co., manpufacturer of the pbase meter, claim that these
adjustments are necessary for the low input levels because of tube
aging.

BRSULIS

The resonant frequency was found to vary with state of
charge. However, the range of values of RC at a particular resonant
frequency was about 25% of the nominal capacity. This means that if
the resonant frequency were used to predict RC there would be an
uncertainty of 2% in the prediction. At first it vas thought that
the spread of values might be due to variations among cells and that
once & cell was known to yield high or low valuses of resonant frequency
the necessary corrections eould be added to the resomant frequency to
yield eonsistent, accurate results. However, mors extensive data
shoved that the variations are random. Approximately the same range of
values was obtained by recording seversl e¢ycles on one cell or one
¢ycle on each of seversl cells. Note that the spread of values in
Figure 17 which shovs several cycles on four cells is not greater than
that in Figure 18 which shovs eight (8) cycles on only one cell.

Phase measuremenis at various states of charge vere made
at fixed frequencies of 4O, 60, 100, 120 and 200 eyecles. Figure 19
shovs the pbase shift at esch of these frequencies versms RC. TFor
the 40 eycle curve, the spread of points abovs and below the curve
is about 0.3 A-H. This is an uncertainty of 9% since the sells have
s nominal capmcity of 4 A-H. Because the change of phase shift with
RC is larger for cycles than for the other frequencies, further
tests vere run at 40 cycles only. This simplified the measuring pro-
eedure and, of course, would simplify construction of future measuring
systemsg; the VFO and amplifier could be replaced by & 4O gycle power
oscillator and all the other components would have to operate at 40
eycles only. PForty (40) cycle phase shift memsurements for six (6)
eycles on sach of three cells are shown in Figure 20. The spread
in RC at a particular phase shift is 15%. Having established the
variation of k0 cycle phase shift with RC, the applicability of
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this technique to a practical state of charge indicator had to be
determined. This involved finding the exact dependence of phase
shift on RC, determining the uncertainty in RC at a given phase
shift and testing the reproducibility of the data for batteries
with varied histories.

Up to this point, measurements were made on cells because
it was felt that the simplest systems should be studied first. A
practical state-of-charge indicator, of course, would be used on
batteries so the problem of testing an entire battery was considered
in the light of the cell data. When testing a battery of any number
of cells, the LO eycle current leads were attached to the main bat-
tery terminals, but the voltage of each cell had to be picked off
at the terminals of that cell. Thus, an operator would conneect one
set of current leads, then read the shift of each cell in turn. This
is necessary because the phase angle of & sum of sinusoidal voltages
depends not only on the angle of each voltage, but on their relative
amplitudes, the larger signals, from cells with higher kO cycle
impedance, dominating the total signal. To demonstrate this, three
cells were connected 1o form a 3.9 V battery. The total phase shift
showed no significant relationship to RC or to the phase shift of
each cell. However, the angles read for each cell were the same
before and after assembly into the battery. Apparently data on cells
can be applied directly to batteries made up of the same type of cells.

L TON

To determine RC using the phase shift metnod, a curve of
RC versus phase shift was made. This curve calibrates the phase meter
in terms of RC. Referring to the calibration curves, Figure 21 for
room temperature, and Figure 22 for 19°C and 30°C, RC is determined
by locating on the abscissa the phase shift indicated by the phase
meter, then finding the corresponding ordinate for the drawn cali-
bration curve. This ordinate is the RC of the cell tested, within the
errors of the method.

Before golng on, a defdnition of the RC of a battery is
required. The severest definition is that vhieh states that the
RC of a battery is the RC of the weakest cell in the battery. This
definition has been adopted here. Since phase shift increases
(considering sign) with increasing RC, the smallest phase shift
is used to predict the RC of the battery. Thus, when phese shift
versus RC data are given for a battery, the phage shift is the smallest
measured among the cells of the battery and the RC is the residual
capacity of the weakest cell.

The calibration curves were determined from actual measure-
ments of RC at meny values of phase shift. The curves shown in Figure 21
were determined from measurements made at room temperature, approximetely
25°C, while those in Figure 22 were made 8t earefully controlled temperatures.
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Since the phase shift is temperature dependent, batteries were allowed
to stand for st least U hours following charge or discharge before
their phase shifts were measured. Temperature measurements on an
insulated VO4 cell showed that several hours are probably required

for a battery of VOi cells to come to room temperature afier a 2A
charge.

For the data in Figure 21, the phase shift of a cell or
battery -~ the smallest shift when a battery was used -- was measured
after the cell or battery was charged to approximately the desired
state of charge and left on open circuit for at least four hours to
cool. After the phase shift was measured a discharge was run at
the C/2 rate to 1.0V end point to determine the actual RC. Measure-
ments were made at states of charge from 0-100% by varying the number
of ampere-hours put into the test battery. The calibration curve was
drawvn &8s the best smooth ecurve fitting the measured points. This
procedure would be followed when calibrating the indicator for any
type of battery.

For the second set of curves, Figure 22 at fixed temperatures,
the batteries were in a temperature controlled oil bath, and the wait
between the charge and the phase measurement was increased to 10 hours
to insure accurate temperature equilibrium. The spread among the curves
at various temperatures shows that the phase shift is definitely tempera-
ture dependent. However, for moderate fluctuations in room temperature,
say from 22°C to 28°C (approximately 10°F), a single curve at 25°C
would not appreciebly increase the error in predicting RC.

The phase shift measuring system and the associated cali-
bration curves form a complete laboratory residual capaeity indicator.
Preliminary tests to determine the limitations on the device and the
accuracy of its predictions are described next.

IERIS

The accuracy of the RC measurements is simply the difference
between the actual RC and the predicted RC. The scatter of points on
the RC versus phase shift plots used to arrive at the calibration curves
indicates the expected uncertainty in predicting RC from these curves.

Ag shown in Figure 23, the maximum deviation of points from the cali-
bration curve is about 25% of the RC indicated by the curve. These
points are extremes; all data lie within these limits. As will be

shown later, the errors encountered in predicting RC fall well within
thes;%limits. For manually eyecled 6 VO4 batteries, the average deviation
was 9%.

The tests were divided into five groups. Each group was

designed to evaluate the accuracy of the phase shift method of pre-
decting RC under a different set of conditions. The first three tests
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were to determine whether the accuracy of this method depends on
history. These tests are deseribed below. Data and inteppretation
follow the descriptions.

1. Batteries on manual qycle, Batteries were charged at
various rates and for various times. Then RC was pre-
dected with the indicator. The actusl RC was determined
by a timed discharge at the C/2 rate to 1.0 V.

2, Battery on ghelf stend, Batteries wers put on shelf
stand fully charged, at room temperature and at 50°C
(122°F); for periods ranging from 7 to 32 days. After
the required stand, the RC was predicted with the phase
shift indicator, The actual RC was determined by a
timed discharge at the C/2 rate.

3. Batteries on asutomatic cygle, Four 6 VOU batteries were
put on automatic cycle. The cycling was interrupted
approximately every 50 cycles and RC predicted with
the indicator. Again, actual RC was determined by timed
discharge at the C/2 rate. The eycle routine was:

Discharge 2 h at 1.0 A = -2.0 A-h
Charge L nat 0.60 A = +2.4 A-H
Depth of discharge = 50%

The first 24 cycles were slightly different (charge 4 h at 0.70 A)

but the end of charge voltages were too high so the charge rate was
reduced. For the sycle routine given here, end of charge voltages

were typically 1.42 and end of discharge voltages were typically 1.22.
To obtain the most information from the given number of batteries and

a glven number of cycles, the batteries were removed for test at various
times during a given discharge cycle. Thus, each battery came off
automatic cycle at a different state of charge. Furthermore, any one
battery was removed at a different state of charge each time the cycle
was interrupted for measurements. This process yielded the greatest
number of different conditions for a given number of cycles and batteries.

L, Batteries charged on gconstant potential., Batteries
were put on a modified constant potentlal charge.

They were charged at 1.45V per cell but the inttial
surge current was limited to 6 Amps. After floating
at 1.45V per cell for several hours, they were dis-
charged to some arbitrary capacity at the C rate.
After the batteries cooled to room temperature, they
were tested with the phase meter then discharged to
1.0V at the C/2 rate.

For the tests above, two different size batteries of similar
construction were used, Gulton 6 VO4 and 6 VOO batteries. These are
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six cell, sealed batteries of 4 A-h and 9 A-h, respectively. Data
for individual VO4 cells and four and six cell batteries are the same;
apparently battery voltage has no effect on these measurements. This
wvas to be expected sinse a.g. 1s used and readings are taken eell

by cell.

5. Batteries of yarious types. The fourth test was to
demonstrate that this method #2ould be applied to
predisting RC for other than VO series batteries.
Room tempersture calibration curves for a KO0-35
cell and & 4KOl5 battery (vented and in nylon case,
as opposed to the VO cells which are sealed and in
steel cases) were drawn, using the progedure deseribed
on p. 17. The curves were drawn, the cells vere
brought to various states of charge and RC was
predicted. As with the other cells, a c/2 discharge
was used to determine the actual RC.

The results of these tests are given in Tables 3 to T,
respectively. The average deviation of the predicted residusl
capacity for the manually cycled 6VO4 batteries was + .35 A-h as
shown at the end of Table 3. Since the nominal capacity of 6VO4
battery is 4 A-h, + 0.35 A-h represents an average deviation of 9%.
For similar measurements on 6VOJ batteries the average deviation
was 13%. For the 6 VO4 and 6 VO9 batteries that had been on shelf
stand at 50°C (112°F) and at room temperature, the aversge deviation
was 166. Table 4 shows the results of measurements of RC after
automatic cycles. All four batteries appeared to indicate more than
their nominal capacity when measured with the phase meter. However,
they were known to have less than full charge because they were taken
off eycle during discharge as discussed above. After the phase measure-
ments were made, the cells were discharged at C/2 to 1.0 V. The
capacities removed are listed as actual RC in the Tables.

The tests conducted so far indicate that RC can be pre-
dicted from phase shift for different types of cells and batteries.
at various temperatures. All that is needed in addition to the
measuring equipment is the appropriate calibration curves.

The manual cyele tests show that an average deviation of
9% has been realized. The phase shift apparatus predicted the resi-
dual capacities of batteries that hed been standing at 50°C and at
room temperature (~.25°C), batteries that were charged on constant
current and batteries that were charged at consteant potential. The
mOst accurate results were obtained when batteries were charged on
constant current, The phase shift gave no valid indication of the RC
of batteries that had been on automstic eycle.
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The results of all the tests are summarized below.

AVERAGE
BATTERIES ACCURACY
TEST USED OF PREDICTIONS
1. Manual cycle 6 VOi; 6 VOS 10%
2. Shelf Stand 6 VOu; 6 V09 16%
3. Automatic gyele 6 Vok No valid predictions
4. Constant potential 6 YOu; 6 VO9 20%
charge followed by C
rate discharge
5. Other types of K0-=35;4 KO-15 16%
batteries
YSI DATA

The date for all manual cycles including the V04, VO-9,
KO-15 and KO=-35 cells and batteries were e¢cllated in order to deter-
mine the validity of RC predictions based on the phase shift data.
These pooled data are shown as & histogram in Figure 24, The bell
shaped curve suggests a normal distribution of errors. It is only
for the 6 VO4 batteries that & large enough ssmple was tested for
the conclusions to have statistical significanse.

The analysis in the accompanying table gives the probability
that the RC is within the indieated accuracy. For example, the
probability that the prediected RC is within + 20% of the actual RC
is 0.84. Expressed in another way, of 100 batteries tested, o4 would
have predictions of RC correct within ¢ 20%.

% OF MEASUREMENTS

DESIRED ACCURACY HAVING DESIRED ACCURACY
5% 27%
+10% 50%
+20% 8%
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7. _EFFECTIVE INTERNAL RESTITANCE

It esn be shown theoretieally, that the iotermal
resistanse R, of a galvanic system is given by

ov
Ro = ti—:o I minimum value of Rype  (12)
IS

vhere
Ro = ohmie resistance
t = length of time the eurrent I flovs
V = change in terminal voltage during time t
Rerr = effeetive resistance

This relation is derived in Appendix II. As t—>0 and I-o0,

the effeats of eoncentretion pdlarization and aetivation over-
potentials are minimized or eliminated so the effestive resistance
approsches Ro, the ohmie resistance. This is the lowest possible
valus of effective resistance since the ohmic resistanse is &
property of the cell material and gonfigurstion and eannot be
eliminated. As discussed in Seetion 5, Impedance at Audio Frequencies,
the ohmie resistanse is expeected to depend on state of charge besause
the gomposition of the electrodes varies with state of eharge.
However, the A.C. method measured all gontributions to effeetive
resistance, and it turned out that the ohmie portion wvas small
gompared to the others. With a D.C. method, under the prescribed
eonditions, the ohmic contribution to resistanse should be large.

ARRABATUS

To cobtain the eonditions of high eurrent and short time
intervals required by the equation above, a specialized swiieh vas
required. The switch resistance had to be lov so thet surrents as
high as 100C (40O Amps for the cells used) eould be drawvn from a
single 1.2 V cell. Furthermore, the total "sn" time of the switeh
bad to be low to prevent appreciable discharge of the eell by the
100C current. lLast, some means of measuring both current and cell
voltage had to be provided. A switeh and eirsuit fulfill the above
requirements as shown in Figures 24 and 25. A eopper disk, turmed
by & synehronous motor opens and eloses tvo sets of goatasts with
each rotation. As the disk rotates, a light set of eontasts elose
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first. This supplies a trigger signal to a dual beam oseillossope
used to observe cell voltage and current simultaneously. At this
stage no current is dravn from the eell so the oseilloseope displays
sero surrent and the open circuit cell voltags. Within a milli.
seesond after the oscilloseope is triggered the heavy duty contacts
slose, shorting the sell. These contasts carry up to 40O Amps. One
terminal of the cell is eonnected to the statianary contact and the
other terminal is connected to the rotating disk through a mercury
reservoir as shown in Figure 25, The dimensions of the contacts
and the speed of the motor are such that the cell is shorted for
approximately 30 milliseconds. Drawing a current of 100 C from a
eell for 30 milliseconds lovers the state of charge by only .08%
begause

(100 ¢ Amps) (030 see) 6—36-3.7- -gi-:*-) (-—é—-—) = ,0008
= 00“

As showvn in Figure 26, a shunt is used to measure the
current. The lower beam of the oscilloscope displays the current
vhile the upper beam displays the cell veltage. A Tektronix 502
Dusl Beam Oscilloscope was used. An oscilloscope capera recorded
the displays so ascurate measurements could be mmde. A typical
photograph is shown in Figure 27.

(13)

Currents of 50 to 100 Amps were easily obtained from
a single VO4 cell. By using 1/2" vide ground strap for the leads
to the cell, shortening these lemds to 2 to 3 inches and being
eareful to keep all contacts elean and tight, currents of 400 Amps
could be drawn from a VO§ cell. The total resistange of the switch
in the "on" position, imeluding leads snd contacts, was 1.5 milli.
ohms, This wag determined by sending 20 Amp through the switeh
and measuring the voltage drop across it with a potentiometer.

-RESULIS

The first experiments were performed to verify the relation
at the beginning of this section, namely
14
R, = lim AV as
t—>0 I
I—>00 .

If this is true, then the measured resistance _ 2Y _ should increase
I

with time and should be smaller for larger currents. Measurements wers
mnde uséng the rotary gwiteh. Resistance was determined for currents
from 170 to 360 Amps and at times renging from 1.5 milliseconds to
21.5 milliseconds. The time stated, t* in Figure 28, is the length

of the interval from the current turn-on time to the moment the
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resistance was measured. Figure 28 clearly shows the ingrease in
resistance witn time t#* and the decrease with increasing ecurrent I.
BSince the minimum effective resistangce is the desired quantity,
Figure 28 indieates that the resistanse should be messured as soon
as possible after the current is turned on and that a current of as
least 300 Amps should be used. The current would be proportionally
larger for a larger cell because the current density in the cell must
be kept hign. A discharge rate of at least 75 C would be required
in general secording to Figure 28. The resistance cannot be determined
less than 1.5 milliseconds after the eurrent is turned on because tne
voltage transient mesks the ohmic voltage drop during that time. To
measure resistance as a function of state of charge, then, currents
of at least 75 C -= ususlly about 350 Amps for VO cells -= were

used and the resistance was determined from the voltage drop and
current 1.5 milliseconds after the eurrent was turned on.

The procedure was similar to those followed in the previcus
studies reported here. A group of twelve cells were measured after
a full charge, then after discharges to various residual capacities.
After a resistance measurement, RC was determined by a C/2 discharge
to 1.0 V. It was clear that the position and type of voltage probe
had an effect on the measured value. Because of the very high currents
. and relatively small voltage drops (~0.6V) measured, voltage drops
in the terminals as well as inductive coupling between voltage leads
and current leads produced large errors in the measured resistance.
Even 8o, & variation in Ry with state of charge was definitely
established. Table 8 gives measured values of effective resistance
at various residual capacities for two different VO4 cells. The
leads were attached as indicated in Figure 29 (A). The two values
of resistance given for each RC in Table 8 were measured consecutively,
without changing the positions of the leads. The column labeled dev.
Ro gives the deviation between the two values of R,. The average of
these deviations is .0l3 miliiohms indicating a repeatability of
+ .013 milliohms for Ry measurements when the leads were not moved.
When the leads were removed and replaced, the measurements were less
consistent.

An average curve of resistance vs. RC was drawn for tne
VO cells after about ten cycles on four cells. *%his curve, shown in
kFigure 30, was used as a basis for predicting RC from resistance measure-
ments. A series of measurements was made on the same four cells using
each of the conneections shown in Figure 29 (A-D). To remove the current
leads when the configuration in A, B and D were used, the upper nut
was removed and the current lead taken off. For the configuration in
C the terminal nut was left in place and the current lead was detached
from the end of the extension. The resistances measured were used to
predéct RC from the average curve in Figure 30. With connections as in
C and D of that figure, results were so scattered that no meaningful
predictions were possible. With the connections as in A and B, RC



was predicted with average deviations of + 23% and + 25%, respectively,
These data are given in Table 9.

To demonstrate that the errcrs in the resistance measure-
ments and, hence, the errors in the RC predictions, were largely
due to the placement of the leads, three cycles were run on one cell
permanently connected to the pulsing switch., The leads were attached
as in Figure 29A and were not removed or disturbed during the three
cycles, Any variations in the measured resistance were produced by
changes in the cell, The results were very consistent, Figure 31
shows the data at various states of charge during the three cycles,
An average curve and the variations from that curve are indicated
in the figure. 1If this average curve was used for predicting RC
from resistance for this cell, the average deviation would be
+ 0.2 A-h or + 5%. This indicates strongly that the internal resis-
tance of a cell has a consistent relation to the state of charge
and could be a good indicator if accurate measurements could be made
in a practical manner,

ANALYSIS OF RESULTS

A statistical analysis of the data just discussed and the
data taken with connections as in Figure 29A further emphasizes
that the measurement technique and not the properties of the battery
are responsible for most of the error, The correlation factors, r,
were calculated for both sets of data and these were found to be:

PERMANENT CONNECTIONS FIGURE 29A CONNECTIONS
T = 0,992 r = 0,615
2 = 0.98 = 98% 2 = 0.38 = 38%

This means that with connections as in Figure 29A 38%
of the predicted value of RC was actually due to a change in resis-
tance of the cell with RC but 62% was due to random variations,
presumably due to the placement of the leads., When the connections
were left permanently on the cell 987 of the variation was due to
a change in resistance with RC and only 2% of tune change was random,

This information indicates strongly that a practical
resistance measuring device having the same repeatability as the
device above with permanent connectors, would be an accurate state-
of-charge indicator, It is also significant that a method using
ohmic resistance as its indicator should be free from the undesirable
polarization effects that plague most other methods of predicting
state of charge, A brief calculation shows that the contribution
of the electrolyte to the ohmic resistance is only a few per cent
of the total value., If this fraction of the resistance varies by
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a fev per eunt dus to, say, tempersture, then the total shange im
resistanse will be negligible. The resistanse of the electrolyte ean
be estimated by eonsidering the total plate area, separstor thicikness,
and porosity, and the conduetivity of the elestrolyte. For a VO,
the resistance due to the elestrolyte is of the order 10°" ohms, or
less than 10% of the ohmic resistance of the sell.

Designing & resistance measuring devige to read a gell
resistange of a few milliohms within about 1% poses seversl problems.
First, the resistance of the device must be, at most, 3 milliohms.

It it is more, then a 1.2V cell eould not possibly drive enough
surrent through the device. This upper limit of resistance eliminates
commereial milli-ohmmeters. Clearly, a device must be designed
specifically for this application.

DESIGN OF NEW SWITCH

Because small voltages are hard to measure in the presence
of high currents, it would be desirable to eliminate the voltage
measurement and find Ro from eurrent only. This is practical if
the resistance of the switeh is less than the resistance of the cell,
Ro. However, this is quite diffisult to realize experimentally because
the resistange of the eells tested so far are about 1.5 milliohms.

A switeh is required that has a total resistsnce, ingluding econnestioms
to the cell, of less than 1.5 milliohms, that ean garry several
hundred amperes, and provide an ageurate way of measuring peak current
(to give minimum resistange). Furthermore, the turn on time of the
sWiteh must be less than one millisecond if the resistance is to be
measured 1.5 milliseconds after the gurrent begins to flow.

As a starting point in the design of such a switeh -- here
"switch" refers to the sntire device, connestors, shunt, on-off
mechanisn -- the resistanse of eagh of the sestions of the mechanical
switeh used for the previous work was measured, as well as the resis-
tance of each of several types of eonnectors. The resistances vare
measured by pessing & high current (10 to 100 A) through the somponents
and measuring the voltage drop with a potentiometer. The results are
given in Table 10,

A goal of 0.5 milliohums was set for the resistange of the
new switeh to be designed. From Table 10 it is slear that a completely
new type of switeh was required. Shunt resistanse had to be reduced,
leads virtually eliminated, and the resistance of the on-off meehanism
kept to a minimum. To eliminate leads, the switch had to take the form
of a fork. This meant that the shunt and on-off mechanism had to be
small enough to fit between the terminals of a cell, yet earry several
hundred amperes.
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Several designs were analyted theoretically, considering
total resistance, reproducibility of resistance and turn on time.
The best of these is shown in Figure 32. A switch was constructed
according to that design. Because of the required lov resistance
of the svwitch, the friction connections used in any mechanical switch
could not be tolerated. Furthermore, because of the absence of leads,
the unit is rigid and incorporating any moving parts would be awkward.
A mercury switch avoids both of these problems. However, the resistivity
of mercury is high (}D = 95 x 10-6 ohm-cm) so the geometry of the
electrodes had to be considered carefully to get minimum resistance when
the switch was in the "on" position. At first thought, the way to get
the lowest resistance is to use the largest electrodes poesible, put
them as close as possible, then fill the spece between them with
mercury. Although this will, indeed, give a low resistance, the
viscosity of mercury makes it impossible to turn such a switch on
or off very quickly. Also, with very close plates as electrodes,
there is s possibility of drops of mercury "hanging" between the elec-
trodes, preventing the switch from being turned off. The calculations
given in Appendix III predict a resistance of 0.02 milliohms between
sections 2 and 4 when they are separated by 0.005 inches. The actual
measured resistance of this device was 0.025 milliohms in excellent
sgreement with the predicted value. When the final version of the
device was constructed, a layer of epoxy was used instead of the
0.005 nylon. The epoxy also bound sections 2 and 4 together without
using clamps. Apperently the epoxy layer was slightly more than
0.005 inches thick because the resistance increased to 0.037 milli-
ohms when the nylon was replaced by the epoxy.

CONJTRUCTION

Referring to Figure 32, sections 1 and 2 are one-inch cubes
of copper, each with a small projection on one face. The shunt is a
thin rectangular wafer of constantan brazed to these projections.
After the brazing was done, the constantan and the projecting copper
perts were filed to give the required resistance. Filing the constan-
tan and copper at one time insured a sharply defined edge on the
constantan and eliminated any shorts caused by brating material bridging
across the constantan. Constantan was used for the shunt metal because
it is a poor conductor for a metal and, more important, has the lowest
thermal coefficient of resistivity of any known metal or alloy. For
constentan, p = Ub.1 x 10-6 chm-cm and22= 2 x 10-6, To be able
to measure the current accurately, the shunt should give a voltage drop
of about 5 mV per 100 A. Therefore, the shunt resistance was set to
0.05 milliohms by filing. Sections 3 and 4 are femmle "Supercon"
connectors rated at 250 Amps continuous. They are gold plated brass.
Section 3 is soldered to section 1. Sections 2 and 4 are held together
by the layer of insulating epoxy. Furthermore, the entire space between
the left and right halves of the switch is filled with epoxy for strength.
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The surfaces of the on-off section of the switseh that coms.in
eontact with the mercury vere treated with Hg(N03)2, forming an amalgam
on those surfages. This made the mereury wet the surfaces assuring
minimum resistance. The same switch had six times the resistance vhen

the surfaces vere nickel plated to prevent an amlgem from forming.

TESTING

The resistance of the entire unit from the end of one
connector to the end of the other was 0,087 milliohms. Assuming a
resistange of 0.1l milliohms for each of the connections to the eell,
as indicated in Table 10, the entire resistance of the awitch would
be 0.31 milliohms, better than the goal of 0.5 millichms.

When the switeh was being tested, it was turned on and
off by adding mercury and removing it. During the tests, a small
smount of mereury ergppt out of the reservoir and appeared at the
interfaces betvween sestions 2 and 4 and the insulating epoxy layer.
Probably the epoxy did not form an adequate bond to the ecopper and
brass. After several days, the mercury apparently formed a gontinuous
path from 2 to 4 because the switeh remained on even after as muech
mercury as possible was removed. With the switech always in the on
state, no cell measurements eould be made. However, the diffieulty
is one of fabrication sinse the eleatrical properties of the deviee
vere even better than antisipated. Rebullding the switeh aecording to
the original plan using a nylon insulator should solve the meebanigcal
problem. Certainly the date indieating a 5% error inherent in a
resistanse type state of eharge indicator, coupled with the early
success in designing the ultra<low resistance switeh with the required
elegtrical properties call for further efforts on this most promising
technique.
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8. CONCLUSIONS AND RECOMMENDATIONS

Of the five electrical properties of Ni-Cd cells
studied -- phage shift, ohmic resistance, double layer capmcitance,
transient peak height and impedance at audio frequencies -« only
the first two were found to depend on state of charge in a useful
manner. The variations of phase shift and ohmic resistance with
state of charge are measurable and reproducible enough to provide
an indication of state of charge.

The phase shift apparatus described in this report, together
with the required ealibration curves, messured the residual capacity
of eells and batteries with lverngz errors from ¢+ 10% to + 20%. A
statistical apalysis shoved that 84% of all readings should have
errorg of less than + 20%. The batteries included one to six
cell packs with nominal capaeities from 4 A-H to 35 A-H, both
sealed and vented types. The tests conducted so far show that this
technique can prediet the residual capacity of batteries with various
histories and at different temperatures. These tests are strong
evidence of the value of the phase shift method, and weres as complete
as the duration of this work allowed. More extensive supplementary
evaluation is required. A variety of batteries of many sizes from
various mmnufacturers should be tested under all possivle conditions.
History, temperature, method of charge, and method of discharge
should all be varied for a complete evaluation of the method. Only
three drawbacks were found during the testing of this method. First,
the Ad-Yu phase meter i1s not ruggedized and requires weekly cali-
bration. This could probably be eliminated by designing a meter
specifieally for this system., Second, a battery must be allowed to
eome to the ambient temperature before it is measured or else a
temperature compensation is required. Third, no valid state of charge
indication is given for batteries that have been on continuous
repetitive automatic cyeling.

The ohmic resistance was shown to vary in a very repro-
ducible way with residual capacity. In a carefully controlled
experiment the variation of ohmic resistance with residual capascity
was reproducivle within 5%. Although a device to measure ohmie
resistance of cells must meet severe requirements of resistance,
switehing time and current capability, a great deal of progress was
made in the design of such a device. The ultra-lov resistance switeh
discussed in Section 7 not only met all the electrical requirasments
but surpassed them. A short developed preventing the switeh from
being turned off. Considering the almost complete success of the
first design, it is apparent that the required device can be built
singe the failure was mee¢hanigcal. Resistance measurements would not
only be possibly the most aceurate method of measuring state of charge
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found so far, but would be the simplest technique to use.

To take full advantage of the possibilities of this
method, the variations of cell resistance should be studied
thoroughly and new registance measuring devices should be investi-
gated and constructed.

A variation of the method described, recommended by the
contracting agency, to get around the varisbility of contacts is
to force the 100 C current from en external supply and merely
supply appropriate contact points for measuring voliage changes
that are inside the measuring loop.
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APPENDIX I,

OPERATION OF BREADBOARD STATE OF CHARGE INDICATOR

Figures 33, 34 and 35 show the complete breadboard phase
measuring system, This system, with the calibrations curves, is the
breadboard state of charge indicator.

DISCUSSION

The A,C, power source is a Waveforms Oscillator #401C
set at 40 cps. The frequency can be switched easily to 400 cps
as required for part of the adjustment procedure, The output of
the oscillator is amplified to the required level by the transistor
amplifier. The 40 cycle output is fed to the test battery through
the CURRENT LEADS. An ammeter indicates the r.m,s. current through
the battery. A D,C, blocking capacity prevents discharge of the
battery through the amplifier output circuit, Polarity must be
observed when connecting the CURRENT LEADS because the capacity is
polarized. A resistor and a shunt in series with the test battery
provide voltages in phase with the current through the battery, The
voltage across the resistor is fed through an RC phase shifter to Ej
on the phase meter. The voltage across the shunt is about two milli-
volts and is used for a zero check as described later., The current
through the battery produces a 40 cycle component in the voltage of
each cell. The cell voltage picked up with the VOLTAGE LEADS is fed
to a high pass (40 cps) filter, The signal coming out of the filter
is amplified approximately 1000 times in the balanced pre-amplifier,
A low noise pre-amplifier is required because the signal from the cell
is about a millivolt, To achieve its low noise characteristics, the
pre-amplifier uses D,C, on the filaments and five (5) 45V batteries
for B and C voltages. The 6 VDC supply uses a Ni-Cd battery as a
filter and achieves very low ripple in a2 minimum of space, The output of
the pre-amplifier is fed to E1 on the phase meter, An r;m.s. voltmeter
reads this voltage., It is essential that this voltage be at least
0.4 volts r.m.s. Otherwise the accuracy of the phase meter is reduced.

To prevent the phase meter from reading random and some-
times violent fluctuations when connecting and disconnecting batteries,
a relay has been inserted to open the meter movement circuit. A button
on the positive voltage lead closes the relay so that the meter can be
read,
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OPERATION

The zero reading of the phase meter should be checked daily,
ZERO CHECK

1) Adjust 40 cycle current to about 0.5 Amp, r.m,s,

2) ‘Touch VOLTAGE LEADS to ZERO CHECK terminals. Voltage
El should read at least 0,4 V r.m.s.

3) Set RANGE to 180°, ADD switch to 180°, Touch VOLTAGE
LEADS to ZERO CHECK terminals, Adjust reading to 180°
with DEFLECTION control.

4) Set the RANGE to 12°, ADD to 0, Read phase shift at
ZERO CHECK as in 3. ..e reading should be less than 15°',

If the reading is greater than 15' the phase meter must be adjusted,
See p, 33.

MEASURING RESIDUAL CAPACITY

All readings are taken on the 12° range of the phase meter,

1) Connect the CURRENT LEADS to the main battery terminals,
being careful to observe polarity., Batteries up to 15V
can be measured, (Any voltage could be handled by using
a DC blocking capacitor of the appropriate working voltage.)

2) Adjust the current to about 0.5 amps. This adjustment
will rarely be changed., For very large batteries, a
larger current may be required, Use a current that
gives an El voltage as read on the voltmeter of 0.4 V
or more,

3) Touch VOLTAGE LEADS to the terminals of the first cell
in the battery, wait a few seconds for El to become
steady, then push the READ button and read the phase
shift, Repeat the procedure for each cell in the bat=-
tery, releasing the READ button whenever a reading is
not being taken,

4) A brief look at the curve for the type of cell tested
will show whether the largest or smallest phase shift
(ignoring signs since these are unnecessary) will give
the smallest capacity., This smallest capacity is the
predicted residual capacity of the battery,
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ADJUSTMENT OF PHASE METER

If the zero reading measured during ZERO CHECK above is
greater than 15', it 1is more likely that the Ad-Yu phase meter requires
adjustment than the phase shifter.

The adjustment desoribed below is gquoted from the manufac-
turers wanual.

"BIAS ADJUSIMENT:

Bias controls Ry to Rg, on top of the chassis, should be
ad justed if meter reading varies with change of signal amplitudes or
is off zero when a single signal is applied to both inputs, or when
tubes are changed in the limiter stages. The procedure for adjusting
the bias control, R1, for the limiter stage, T1, is as follows:

1. Apply a single signal (available at CAL OUT on panel) to both
"E; IN" and "Ep IN".

2, Set the "RANGE" switeh to "TEST" and the "STAGE" switch at rear
to T1. Take reading on meter.

3. Remove the input signal and short the input binding post to ground.
Take meter reading again.

4. Adjust Ry until the meter reading of step 3 equals that of step 2.

5. Repeat the above sieps several times to insure that the output
plate current of T) remains unchanged when the input signal variles
from zero to over 10 volts.

The procedure for adjusting Ry for the. second limiter stage,
T2, is the same as described above, with the following exceptions:
In step 2, set the "STAGE" switeh to To; in step 3, push the "GR"
switch and remove the input signal. Use & similar procedure to adjust
R3. The procedure for adjusting R5 is similar to that of Rl. The
procedure for adjusting Rg, Ry, 1s similar to that of Rp and R3. The
order of adjustment must be from first to the second, to the third, to
the fourth stage. This will insure that the input to the stage under
ad justment (nnmely, the output of the previous stage) is & signal
symmetrical with respect to the zero axis.”

Usually, only resistors }, 2, 3, 5, 6 and 7 must be adJjusted.
The procedure for adjusting Ry and RS can be found in the Ad-Yu operation
manual. These have never required adjustment during six months of
operation.
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If the phase meter is adjusted as above, and the ZERO
CHECK 1is still not correct, then the PHASE SHIFTER must be adjusted.
Note that this rarely happens, The adjustment is made by tuning the
potentiometer through the small hole in the front panel just above
the 40 cps current meter,

NOTE: In general, it is better to leave the 110V 60 power on
continuocusly where possible, Otherwise, at least one
hour warm-up should be allowed for the phase meter., The
preamplifier power should be turned off when no readlugs
are being taken to conserve battery power,
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APPENDIX 1II,

CALCULATION OF TIME AND CURRENT DEPENDENCE OF RESISTANCE
OF A CELL

The open circuit potential of a cell V, is given by the
sum of two half cell potentials, Each half cell potential may be
obtained from a thermodynamic or a kinetic treatment of the electrode
processes, Although the latter is less precise, the kinetic treat-
ment allows an understanding of procedures necessary to determine
the state of charge,

For the electrochemical reaction

a4 ozem _XiL a-(Z+m), (15)
Ky
the electrode flux is given by
$
j = ZIF kfocg exp ( - ¥# + XNzry - (16)
RT
+
2F 102 exp (- _Fp =(1-00 Nz ),
RT

w?ﬁre j is current density, Cg’ and Cg are the concentrations of

A" and A-(Z¥m) at the electrode/electrolyte interface, E} and Fg

are the activated free energy barriers, and(X is the fraction of the
overpotential 71(=Vb - Vy ) which accelerates the cathodic electrode
process, Now, if the time interval of current passage is short enough
then the surface concentrations will not change so that the surface
activities are equal to bulk activities,

If we consider the discharge of the electrode then the last
exponential term will be negligible, and the flux equation may be

written as,
et O(RZZ ZF (17)

it_>0 = T
Rearranging,
72: RT In ig =~ RT In i, (18)
O ZF X ZF

The above equation deals with only the electrochemical processes at
an electrode so that one must add to it the ohmic drops,

_RT RT -
7( Tzr—-—- ln io - ——-—a—z-F— 11'\ i iRO’ (19)

where R, is the ohmic resistance,
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Differentiating with respect to current to obtain the effective
resistance,

Y/ e ._B __._1__gR. (20)
a 5‘—1-'):0 oer i °

If the discharge current is very high them the first term on the
right my be neglected ylelding,

Lim Regr = Ro. (21)

t->0
i-ow
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APPENDIX III.

CALCULATION CF RESISTANCE OF MERCURY SWITCH

plunger

"IA Copper
Mercury
Insulator

—a— upper contact of switch

Consider the two dimensional problem below.

TR
RN
0,0,0,0.0.¢0 0%
0703020300020
0.0.0.0 .0

’0:0:0:0’0’0’ L
0.0’0 ) %

i 0
\\ \_,. 1/2 (v - a)

(1) and (2) are sheets of conductor, e.g. coppe:.

For current to pass from (1)

to (2) 1t must go through the mercury. The element of conductance for the path
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from point A on (1) to point B on (2) is
G = __Ogs (22)
1

where dS is an element of area whose normal is along the 1line
from A to B, Assuming unit thickaess for the sheets of conductor

d$ = dh (23)
G = ._____..O;dh (24)

Approximating the lines of current flow as straight lines parallel

"to 1

h
max

¢ 0] (25)

h min

By similar triangles,
2 2
(f + a) + 1/4 (b-d)

l = k = (26)
h 1/2 (£ + a) (b-d)
so h pax
¢ <0/ am - 0 1n _h max 27
k h k h min
h min
Again by similar triangles, E gzﬁ = z 2?: (28)
80
G = g_ In Y max (29)
k Y min

In the actual switch the electrodes are not flat sheets of unit thickness
but are ecylinders, If b-d&b a good approximation is to let G' for the
cylindrical problem be 7 b times G for the flat sheet problem, Althcugh
b-d 2= 1/2 b for the actual switch, a valid result is obtained here,
Therefore,

G =7Tb-9:- ln Ymax (30)
k Y min
Putting in numbers
b = 0.5 = 1.3 em
f = .25" = 0.6 ¢m
d = 5/16" = 0.8 ¢m
a = ,005" = ,013. cm
J = 10 (ohmem) "¢, mercury
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whence

N

, 10 .61 4

¢ = 77 (1.3) 2y 2oy = 5 x 10" mhos (31)
Then

R = é, = .02 milliohms (32)
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TABLE 1

DOUBLE LAYER CAPACITANCE, F,
AT VARIOUS
RESIDUAL CAPACITIES
4 AMP-HR CELLS

Measurements Using Mechanical Switch

F R. C. F R. C.
FARADS A-H FARADS A-H
12 2.4 12 2.5
12 1.9 11 2,0
11 11 9.3 1,2
7 0.6 9.0 0.7
15 2.6 15 2,7
12 1.6 14 1.7
9 0.6 9.3 0.7

Measurements Using Electronic Switeh

F R. C. F R, C,
FARADS A-H FARADS A-H
CELL #18 CELL #20
16 3.6 15 3.6
12 3.1 11 3.1
13 2.6 11 2.6
11 2.1 10 2.1
9 1.6 9 1.6
CELL #22 CELL #24
16 3.7 15 3.4
14 3.2 12 2,9
11 2.7 13 2.4
11 2.2 10 1.9
10 1.7 10 1.4
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TABLE 1 (CONT'D)

CELL #8

CELL #

16161611616161
.
43322113221100

3838383383838383
4332211433221100

CELL #10

CELL #9

838388883838383

332211033221100

/49/49/...9/49/49/49/494
433221133221100

CELL #12

CELL #11

RS N
« o ° o o
e B S

22
23
19
18
18
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TABLE ] (CONT'D)

CELL # Cont'd) CELL #12 (Cont'd)
17 1.9 17 1.4
19 1.4 23 4,5
25 4.5 22 4.0
21 4,0 21 3.5
21 3.5 20 3.0
18 3,0 19 2.5
17 2,5 18 2,0
18 2,0 17 1,5
17 1.5 17 1.0
15 1.0 13 0.5

Measurements Using Electronic Switch
and
Magnification of Photographs

F R. C. F R.
FARADS A-H FARADS A-H
CELL #20 CELL #21
15.3 5.0 24.3 5.
17.3 4.5 18,8 4,
13.5 4.0 18.5 4,
11.8 3.5 21.3 3,
11.8 3.0 18.0 3.
14.4 2,5 16,1 2.
12.8 2.8 23.4 2,
10.2 2.3 13.1 2.
9.3 1.8 10.3 1.
2.8 1.3 4,2 1.
CELL #22
20.0 4.8
15.8 4.3
14.9 3.8
12.5 3.3
12,8 2,8
13.8 2.3
14.4 2.8
11.6 2.3
9.1 1.8
2.3 1.3
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TABLE 3 (CONT D
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TABLE 3 (CONT'D)
RESIDUAL CAPACITY MEASUREMENTS, BATTERIES ON MANUAL_ CYCLE

PREDICTED RESIDUAL ACTUAL RESIDUAL
BATTERY TYPE CAPACITY CAPACITY DEVIATION
A-H A-H A-H
6 V0 4 3.1 1.8 1.3
0.7 0.7 0.0
3.6 3.6 0.0
1.7 1.6 0.1
1.5 2,2 0.7
3.6 3.1 0.5
AVG. DEV. = + 0.35 A-H
FOR 6 VO &4
= + 9%
6 VO 9 9.0 9.5 -
9.0 7.1 1.9
7.7 7.6 0.1
9.0 6.4 2.6
9.0 6.3 2.7
7.5 6.8 0.7
6.1 6.0 0.1

AVG, DEV, = + 10%
FOR 6 VO 9
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TABLE 4

PREDICTED AND ACTUAL RESIDUAL CAPACITY OF
FOUR 6 VO 4 BATTERIES ON AUTOMATIC CYCLE

PREDICTED RESIDUAL ACTUAL RESIDUAL

CAPACITY CAPACITY DEVIATION
BATTERY TYPE A-H A-H A-H % _DEVIATION
AFTER 100 CYCLES
CB-1 4,6 2.9 1.7 407%
CB-2 4,3 2.9 1.4 35%
CB-3 4,0 2,5 1.5 40%
CB-4 3.3 1.5 1,8 45%
AFTER 275 CYCLES
CB-1 0 0 -- --
CB-2 3.5 1.7 1.8 45%
CB-3 2.5 1.1 1.4 35%
CB-4 1.3 0.5 0.8 20%




TABLIE 5

PREDICTED AND ACTUAL RESIDUAL CAPACITY
BATTERIES ON SHELF STAND

STAND BATTERY PREDICTED RESIDUAL ACTUAL RESIDUAL % DEVIATIONS

TYPE CAPACITY CAPACITY

(A-H) (A-B)

3 DAYS, 50°C 6 VO 4 3.6 2.9 -18%
7 DAYS, 50°C 6 VO 4 1.1 1.3 + 5%
7 DAYS, 50°C 5VO0 9 4.7 2.8 -21%
26 DAYS, 50°C 6 VO & 0 0 0
26 DAYS, 50°C 6 VO 9 0 ] 0
32 DAYS, 25°C 6 VO 4 0 0 0
32 DAYS, 25°C 4 VO 4 1.1 1.3 + 5%
32 DAYS, 25°C 6 VO 9 3.7 0.8 -32%

AVG, DEV. EXCLUDING
PREDICTIONS OF ZERO
A-H = 16%
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TABLE 6

PREDICTED AND ACTUAL RESIDUAL CAPACITY
§ VO 4 BATTERIES CHARGED AT MODIFIED CONSTANT POTENTIAL

PREDICTED RESIDUAL ACTUAL RESIDUAL . % DEVIATION
CAPACITY CAPACITY
{(A-H) (A-H)

>4 4,2 5%
2.9 3.4 13%
2.9 1.9 25%
2.8 1.0 45%
2.5 1.2 33%
3.9 3.5 10%
3.9 2.9 25%
3.6 2.9 18%
3.2 3.2 0%

AVG, DEV. = 20%
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TABLE ]

PREDICTED AND ACTUAL RESIDUAL CAPACITIES
GULTON KO 35 CELL

PREDICTED RESIDUAL ACTUAL RESIDUAL DEVIATION
CAPACITY CAPACITY A-H
A-H A-H
5 5 0
14 18 4
16 24 8
20 18 2
38 32 6
32 24 8
28 18 10

AVG. DEV, = + 16%

PREDICTED AND ACTUAL RESIDUAL CAPACITIES
GULTON 4 KO 15 BATTERY
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TABLE 8

EFFECTIVE RESISTANCE
vs.
RESIDUAL CAPACITY

CELL #16
ACTUAL RESIDUAL
CAPACITY R, DEV. R,
A-H (MILLIOHMS) (MICRO-OHMS)
5.13 1.460 s
: 1.455

4.63 1.422 1
1.423

4.13 1.460
1,449 11

3.63 1.448 .
1.452

3,13 1,464
1.477 13

2.63 1.480 .
1.481

2.13 1.525 s
1.530

0 2.410
2.440 30
CELL #17

4.54 1.470
1.495 25

4,04 1.465
1.484 ' 19

3.54 1,510 )
1.512

3,04 1.538 4
1,542
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TABLE 8 (CONT'D
EFFECTIVE RESISTANCE
Vs,
RESIDUAL CAPACITY

CELL #17
2,54 1,602
1,602

2.04 1,614
1,640

1.54 1,656
1,652

0 2,280
2,340
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PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE,
CONNECTIONS AS IN FIGURE 29A

PREDICTED RESIDUAL

DEVIATION
A-H

ACTUAL RESIDUAL
CAPACITY
A-H

A-H

CAPACITY

=+ 237

AVG DEV,= +0.9 A-H
MAX, DEV, = 3.5 A-H

199073956095535400681600209255411426663458

100000000100010102001021200000100020211000

661110655751088600570577976800955759885568

435434243332332324223232312121211131322111

7521875097665532009999777776555[44333222110

*® & & 0 e & » & & & S 2 o " ¢ o &+ 2 & & o s = « & & & & 8 & & * & s -
544433332222222222111111111111111111111111

3
['a]



PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE,
CONNECTIONS AS IN FIGURE 294

PREDICTED RESIDUAL

DEVIATION
A-H

ACTUAL RESIDUAL
CAPACITY
A-H

A-H

CAPACITY

MAX, DEV, = 3.5 A-H

199073956095535400681600209255411426663458
.
100000000100010102001021200000100020211000

661110655751088600570577976800955759885568

e @ e & @ & & & 2 s e 8 e ® ® s ® ¢ » B s & =

*
435434243332332324223232312121211131322111

752187509766553200999977777655544333222110

e @& & & & 8 o ¢ & 8 2 8 5 ° ° O 2 & " s P & © o & 2 ¢ 5 2 & 9 2 & =+ °
544433332222222222111111111111111111111111

~
vy



TABLE 9 (CONT'D

PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE,
CONNECTIONS AS IN FIGURE 29A

PREDICTED RESIDUAL ACTUAL RESIDUAL
CAPACITY CAPACITY DEVIATION
A-H __A-H A-H
0.9 0.9 0.0
0.9 3.1 2.2
0.6 4.1 3.5
0.5 2.1 1.6
0.5 1.1 0.6
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PREDICTION OF RESIDUAL CAPACITY FROM RESISTANCE,
CONNECTIONS AS IN FIGURE 29B

—p—

DEVIATION
A-H

ACTUAL RESIDUAL
CAPACITY
A-H

A-H

PREDICTED RESIDUAL
CAPACITY

9363155232191141570

1011231100100010000

3333000353088805080
.

e o o ¢ o o s * o @
4532564122321131201

2696955521999966550

6543222222111111111

- +25%

= 4+ 1,0 A-H
MAX, DEV, = 3.5 A-H

AVG, DEV,

56



TABLE 10

RESISTANCE OF ROTARY SWITCH AND COMPONENTS

ITEM

Entire Switch in Figure 25

Cu-Cu Mechanical Contact in above switch

Cu lead in mercury reservoir in above switch
Cu lug bolted to cell terminal

8" length of 1/2" wide ground strap

1'.' length of 1" x 1/4" Copper

Superior Connector (50 A rating)

RESISTANCE IN MILIIOHMS

1.75
0.14
0.1
0.32
0.37
< 0.005
0.11
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—

—

Celi Voitage

Cell Current

-—J I—«O.Z MSEC/div

Initial transient and post transient slope.
Short horizontal lines at extreme left
show open circuit voltage and zero current
before switch is closed.

Figure 4 Initial Transient, 4 A-H Cell
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Figure 23 Calibration Curve Showing Extreme Points
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Figure 25 Mechanical High Current Switch
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212 Amp.

Cell Voltage

Cell Current
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Current and voltage during high
current pulse, Horizontal lines at
left show open circuit voltage (upper)
and zexo current (lower) before switch
is closed,

Figure 27 Oscilloscope Display To Measure
Resistance During High Current Pulse
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